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Summary

The completed rice genome sequence will accelerate progress on the identification and functional

classification of biologically important genes and serve as an invaluable resource for the comparative

analysis of grass genomes. In this study, methods were developed for sequence-based alignment of

sorghum and rice chromosomes and for refining the sorghum genetic/physical map based on the rice

genome sequence. A framework of 135 BAC contigs spanning approximately 33 Mbp was anchored to

sorghum chromosome 3. A limited number of sequences were collected from 118 of the BACs and

subjected to BLASTX analysis to identify putative genes and BLASTN analysis to identify sequence matches

to the rice genome. Extensive conservation of gene content and order between sorghum chromosome 3

and the homeologous rice chromosome 1 was observed. One large-scale rearrangement was detected

involving the inversion of an approximately 59 cM block of the short arm of sorghum chromosome 3.

Several small-scale changes in gene collinearity were detected, indicating that single genes and/or small

clusters of genes have moved since the divergence of sorghum and rice. Additionally, the alignment of the

sorghum physical map to the rice genome sequence allowed sequence-assisted assembly of an approxi-

mately 1.6 Mbp sorghum BAC contig. This streamlined approach to high-resolution genome alignment and

map building will yield important information about the relationships between rice and sorghum genes and

genomic segments and ultimately enhance our understanding of cereal genome structure and evolution.
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Introduction

Over the past 5 years, the genome sequences of numerous

key eukaryotic organisms have been completed (Adams

et al., 2000; The Arabidopsis Genome Initiative, 2000; The

C. elegans Sequencing Consortium, 1998; Venter et al.,

2001). However, even though the cost of genome sequ-

encing continues to decline, most eukaryotic genomes,

especially those of plants and animals of agricultural impor-

tance, will not be completely sequenced in the near future.

Fortunately, the genetic make-up and genome organization

of related species is often sufficiently conserved to allow

the alignment of genomes of species not targeted for

sequencing with completely sequenced reference genomes

(Bennetzen, 2000). Genome alignment enables research

communities working on non-target species to predict

the presence of genes in trait loci, locate expressed

sequence tags (ESTs) on aligned maps, build physical maps

at lower cost, and conduct focused comparative genome

analyses with greater confidence. While the value of align-

ment is clear, criteria for identifying optimal pairs of non-

target and reference genomes for alignment need to be

clarified and methods for aligning genomes improved.

Sorghum is the fifth most important cereal worldwide

(Doggett, 1988). Sorghum has unusual tolerance to adverse

environments and is a potential source of many beneficial
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genes for agriculture (Doggett, 1988). Currently, the sor-

ghum genome is not targeted for complete sequencing

even though the genome is relatively small (740 Mbp),

and a high-density genetic map linked to an emerging

BAC-based physical map is available (Klein et al., 2000;

Menz et al., 2002). Sorghum is a member of the grass

family, Poaceae, which includes other staple cereal crops,

such as rice, maize, barley, oat, rye, millets, and wheat.

Members of this family provide approximately 60% of the

world’s food production and thus are of great agronomic

and economic importance.

The grass genomes exhibit an enormous variability in

DNA content, ranging from approximately 430 Mbp in

diploid rice to approximately 16 000 Mbp in hexaploid

wheat (Arumuganathan and Earle, 1991). This variation

in genome size is largely caused by differences in ploidy

and the amount of repetitive DNA, primarily retrotrans-

posons, present in centromeric regions and inserted

between islands of gene clusters in some genomes

(Panstruga et al., 1998; SanMiguel and Bennetzen,

1999). In spite of the enormous differences in genome

size, comparative genetic mapping using common DNA

markers has revealed that the relative location of markers

and mapped genes show remarkable conservation among

the cereals. These results suggest that there are large

stretches of gene collinearity within grass genomes,

although numerous segmental duplications and deletions

have been observed (Binelli et al., 1992; Chen et al., 1997;

Helentjaris et al., 1988; Hulbert et al., 1990; Peng et al.,

1999; Ventelon et al., 2001). Although comparative map-

ping studies have revealed conservation of marker order

along large chromosomal segments, these results do not

necessarily imply that all the genes located between these

markers are collinear (Paterson et al., 1996). Exceptions to

collinearity, observable only at the DNA sequence level,

have been reported, and in many cases, appear to be

the result of gene amplification, gene movement and

inversion, as well as retrotransposition (for review, see

Bennetzen, 2000; Dubcovsky et al., 2001; Keller and

Feuillet, 2000; Song et al., 2002).

Most present-day comparative maps of grass species

are of limited resolution as they are based on a finite

number of cross-hybridizing DNA probes that must be

polymorphic in the species being analyzed. In contrast,

high-resolution gene sequence-based comparative maps

have a resolution that far exceeds the current RFLP probe-

based comparative maps. Therefore, the aim of this study

was to explore methods for high-resolution alignment of

the sorghum and rice genomes. To this end, we conducted

a sequence scan of 118 BACs mapped across sorghum

chromosome 3 to facilitate alignment to the rice genome

sequence and developed a method for targeted contig

building based on the resulting sorghum–rice genome

alignment.

Results

Integrated genetic and physical mapping of sorghum

chromosome 3

In a previous study, we detailed the methodology being

utilized for the construction of an integrated genetic and

physical map of the sorghum genome (Klein et al., 2000).

This included BAC DNA fingerprinting for DNA contig con-

struction and six-dimensional BAC DNA pooling combined

with AFLP technology for the integration of genetic markers

into BAC contigs. In the present study, we utilized this

methodology to construct a framework integrated genetic

and physical map of sorghum chromosome 3 (previously

designated linkage group C, Menz et al., 2002). One hun-

dred and ninety-two AFLP primer combinations (þ3/þ3)

previously used in the construction of the high-density

sorghum genetic map were used to screen BTx623 BAC

DNA pools (Klein et al., 2000). Additionally, the BAC DNA

pools were screened with primers for five STSs corre-

sponding to sorghum RFLPs and 10 sorghum SSRs. From

this analysis, 731 BACs were anchored to 135 loci located

every 2–5 cM (approximately) across chromosome 3. On

average, each marker identified 2.6 BAC clones in agree-

ment with our previous results (Klein et al., 2000). From

previous fingerprint analysis, 711 of these BACs were

assembled into 120 contigs while 20 remained as single-

tons (Klein et al., 2000). Each contig contained an average

of 5.9 BAC clones. To confirm the accuracy of BAC identi-

fication using marker analysis of the BAC DNA pools, 47

individual BAC clones identified from the DNA pools as

positive for a given marker were analyzed for the presence

of that marker. Forty-six of the 47 individual clones ampli-

fied a band corresponding to the appropriate genetic mar-

ker, indicating a false-positive rate of less than 3% (data not

shown).

Criteria for sequence-based alignment of the sorghum

and rice genome maps

Utilizing the framework integrated map of sorghum chro-

mosome 3 described above, we set out to test the utility of

sequence-based alignment between sorghum chromo-

some 3 and the rice genome sequence. Five BACs that

mapped at different locations in the distal regions of sor-

ghum chromosome 3 were chosen for an initial targeted

analysis. Ninety-six EcoRI/XhoI subclones from each BAC

were selected and sequenced from the EcoRI cloning site.

Following the removal of sequences containing only clon-

ing vector or those with low-quality scores, approximately

83 sorghum sequences with an average read length of

779 bp were obtained from each BAC. PHRAP analysis of

these sequences showed that 10–33 unique sequences

were obtained per BAC clone. The results of BLASTX and
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BLASTN analyses for these sequences are shown in

Table 1. Three criteria were utilized to assess the value of

sorghum and rice sequence matches, and all three criteria

had to be satisfied before sorghum sequences were used to

align the chromosomes. These criteria were: (i) the sor-

ghum sequence had to show sequence similarity to a

putative, hypothetical or known protein coding sequence

in the non-redundant database at an expected value greater

than 10�5; (ii) the sorghum sequence had to match a rice

BAC sequence in the non-redundant or high-throughput

genomic sequence databases at an expected value greater

than 10�5; and (iii) there had to be a significant overlap

between the sequences satisfying the first two criteria. In

addition, each sequence that could potentially align sor-

ghum and rice chromosomes was examined for homology

to large gene families, especially those associated with

known transposable elements. Those sequences asso-

ciated with transposable elements were eliminated from

consideration, whereas sequences from large protein

families were examined carefully to see if they would allow

unique alignments to be established.

Approximately 25–53% of the sequences from each sor-

ghum BAC showed significant similarity with protein cod-

ing sequences (BLASTX, E-value > 10�11) as well as rice

BAC sequences (BLASTN, E-value > 6 � 10�6, Table 1). Of

the 97 independent sequences collected from the five sor-

ghum BACs, 32 showed similarity with 24 different genes

(Table 1). Twenty-one of the genes with homology to sor-

ghum sequences were from rice, and the remaining three

genes were from maize, wheat, or Arabidopsis. The 21 rice

genes having similarity with sorghum BAC sequences were

located on 10 different rice BACs (Table 1). Examination of

the integrated genetic and physical map of rice (http://

rgp.dna.affrc.go.jp/cgi-bin/statusdb/stattable.pl?chr ¼ 1&lab ¼
¼ RGP) revealed that nine of the 10 rice BACs were located

on rice chromosome 1 and seven of these BACs were

collinear with the five sorghum BACs mapped to chromo-

some 3 (Table 1).

Table 1 Sequence scanning of sorghum BACs and alignment to rice chromosome 1

Sorghum
chr. 3
locationa

Genetic
marker

Sb
BAC

No. of
unique
seq.b

Protein
accession
no.c

Protein
designation

BLASTX

expected
valued

Rice
BAC/PAC
accession no.c

BLASTN

expected
valuee

Rice
locationg

28.6–31.6 Xtxa2598 122c5 33 BAB64774-(2) Unknown 3 � 10�42 f AP003282-(2) 8 � 10�22 f 1–16.4
BAB64770-(1) Hypothetical 7 � 10�13 AP003282-(2) 2 � 10�18 1–16.4
AAM69848-(1) Putative alliin lyase 6 � 10�29 AP003339-(1) 6 � 10�67 1–16.4
BAB92519-(1) Putative alliinase 9 � 10�41 AP003339-(1) 2 � 10�30 1–16.4
BAB21145-(1) Hypothetical 2 � 10�13 AP002899-(1) 4 � 10�28 1–126.2
BAB91929-(2) Putative receptor-like kinase 1 � 10�71 AP003768-(2) 1 � 10�68 1–127.3
BAB91928-(1) Putative dehydrogenase 1 � 10�103 AP003768-(1) 0.0 1–127.3
BAB91943-(2) Putative kinesin-like 7 � 10�33 AP003768-(2) 6 � 10�30 1–127.3

158.6–161.7 Xtxp38 7b9 10 P94044-(1) Ferredoxin VI 2 � 10�33 AP003794-(1) 7 � 10�85 1–145.3
BAB91757-(1) Putative 60S ribosomal 7 � 10�11 AP003794-(1) 3 � 10�48 1–145.3
BAB90565-(1) Putative chitinase 2 � 10�70 AP003794-(1) 5 � 10�92 1–145.3

169.2–173.4 Xtxa2667 112d8 21 BAB92564-(2) Putative zinc finger 7 � 10�59 AP003380-(2) 3 � 10�78 1–157.6
BAB92572-(2) Unknown 2 � 10�13 AP003380-(2) 1 � 10�40 1–157.6
BAB92573-(2) Mg2 transporter-like 4 � 10�26 AP003380-(2) 2 � 10�23 1–157.6
AAL61542-(1) Isoflavone reductase-like 1 � 10�11 AP003545-(1) 7 � 10�36 6–65.8

173.4–175.1 Xtxa3719 181g10 13 BAB86148-(1) Unknown 6 � 10�19 AP003451-(1) 1 � 10�105 1–158.5
AAM61500-(1) Hydrolase-like 5 � 10�13 AP003437-(1) 1 � 10�12 1–159.0
BAB86097-(1) Unknown 3 � 10�10 AP003437-(1) 6 � 10�6 1–159.0
BAB86107-(2) Sucrose-phosphate synthase 2 � 10�40 AP003437-(1) 1 � 10�43 1–159.0
BAB86109-(1) Unknown 4 � 10�21 AP003437-(1) 5 � 10�21 1–159.0

175.1 Xtxa3891 250h7 20 BAB86123-(1) Hypothetical 2 � 10�46 AP003437-(1) 1 � 10�11 1–159.0
BAB86119-(1) Hypothetical 5 � 10�40 AP003437-(1) 1 � 10�59 1–159.0
BAB86175-(2) Putative alpha-glucosidase 2 � 10�21 AP003707-(2) 2 � 10�39 1–159.6
BAB86174-(1) Hypothetical 3 � 10�61 AP003707-(1) 1 � 10�37 1–159.6

aPosition, in centimorgans, on sorghum chromosome 3.
bUnique sequences remaining after removal of those containing vector only and low quality scores.
cNumbers in paranthesis next to accession numbers indicate the number of sorghum sequences with homology to that gene or rice BAC/
PAC.
d
BLASTX to the nr database.

e
BLASTN to the nt or htg databases.

fWhen a gene or BAC/PAC share homology to more than one sorghum sequence, the highest expect value obtained is shown.
gRice chromosome number and position in centimorgans.
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Although most of the genic sequences from the five

sorghum BACs were collinear between sorghum chromo-

some 3 and rice chromosome 1, some exceptions to colli-

nearity were observed (Table 1, denoted in red). For

example, sorghum BAC 122c5 contained sequence similar-

ity with genes, and rice BACs mapped to two different

positions within rice chromosome 1. These rice BACs

mapped to a position at 16.4 cM on rice chromosome 1,

which was collinear with the mapped position of BAC 122c5

at approximately 28.6–31.6 cM on sorghum chromosome 3

as well as with a non-collinear position between approxi-

mately 126.2 and 127.3 cM. To ensure that sorghum BAC

122c5 was not contaminated with a second BAC from

sorghum chromosome 3, six independent colonies from

this stock were isolated and analyzed by AFLP analysis. All

six clones showed identical AFLP banding patterns with

two different þ3/þ3 primer combinations, indicating that

the stock of BAC 122c5 represented a single clone (data not

shown). Finally, one sequence from sorghum BAC 112d8

shared similarity with a rice BAC, which mapped to a

position on rice chromosome 6, suggesting possible trans-

location of the isoflavone reductase-like gene in sorghum

relative to rice (Table 1).

The results of this preliminary examination revealed that,

on average, 33% of the independent sorghum sequences

(32/97) had significant similarity with genes present in the

non-redundant database and also with rice BACs. Based on

these results, we reasoned that sample sequencing 16–32

EcoRI/XhoI subclones per BAC would provide sufficient

sequence information to permit alignment of BACs mapped

in sorghum to the rice genome.

Sequence-based alignment of sorghum chromosome 3

to rice chromosome 1

One hundred and eighteen BACs anchored to 109 loci

distributed across sorghum chromosome 3 were selected

for sequence scanning and alignment to rice chromosome

1. Following PHRAP analysis, the number of unique sequ-

ences obtained per BAC ranged from 3 to 18 with an

average of 9 at a read length of 825 bp. The sequences

were compared to the non-redundant (BLASTX and

BLASTN) and high-throughput genomic sequence (htgs,

BLASTN) databases, and alignment to the rice genome was

determined following the criteria described above.

One hundred and sixty different sequences (GenBank

accession nos. BZ412839–BZ412998) from 63 BACs map-

ping to 54 loci on sorghum chromosome 3 showed

sequence similarity with 67 BACs from rice chromosome

1 (Table 2). Based on an analysis of 145 independent

sequences, 59 of the 63 sorghum BACs were collinear with

the minimum tiling path of BACs from rice chromosome 1,

providing strong evidence for a syntenic relationship

between sorghum chromosome 3 and rice chromosome 1.

The remaining four sorghum BACs exhibited sequence

similarity with BACs from rice chromosome 1, although

the position of these sorghum BACs was not collinear with

the other rice BACs from this chromosome (Table 2, BACs

213f6, 92f9, 159b4, and 68g5, denoted in blue; accession

nos. BZ412993–BZ412998). A limited number of unique

sequences from 11 of the 59 sorghum BACs that exhibited

collinearity with rice chromosome 1 also contained

sequences that aligned best with rice BACs located in

another part of the rice genome (Table 2, sequences

denoted in red; accession nos. BZ412855–BZ412859,

BZ412861, BZ412931, BZ412965, BZ412975, BZ412999–

BZ413010).

Five BACs from sorghum chromosome 3 did not contain

sequences having similarity with rice chromosome 1 but

instead exhibited sequence similarity with BACs from other

rice chromosomes (data not shown). AFLP analysis of these

five BACs confirmed the presence of the respective AFLP

marker within each BAC, suggesting that these BACs had

been correctly mapped to sorghum chromosome 3 (data

not shown). Thus, based on the scanning of BAC

sequences, these five sorghum BACs were best aligned

with regions of the rice genome other than rice chromo-

some 1.

Fifty of the 118 sorghum BACs examined did not show

sequence similarity with any rice genic sequence meeting

our criteria for alignment. Nearly one-half of these (24/50)

were anchored to markers located within the heterochro-

matic region of sorghum chromosome 3 (N. Islam-Faridi,

personal communication), and the majority of the

sequences obtained from these BACs had similarity to

repetitive elements (i.e. gag-pol polyprotein, retrotranspo-

son-like elements, and reverse transcriptase). Heterochro-

matic regions that are largely devoid of genes reduce the

efficiency of alignment based on our criteria for gene

sequence matches between sorghum and rice.

Figure 1 depicts the alignment of BACs mapped on sor-

ghum chromosome 3 and rice chromosome 1 based on the

results of sequence scanning. In Figure 1, sorghum chro-

mosome 3 has been re-drawn relative to our initial mapping

study (Menz et al., 2002) because recent cytologic charac-

terization of this chromosome indicates that the centro-

mere is located between positions approximately 76–80 cM

(N. Islam-Faridi, personal communication). Therefore, the

order of markers on this chromosome has been inverted

such that the short arm of the chromosome is above the

centromere and the long arm below. This re-ordering of

markers along sorghum chromosome 3 relative to the

centromere is consistent with the integrated cytologic

and genetic map of rice chromosome 1 (Cheng et al.,

2001). Examination of Figure 1 reveals that the alignment

of mapped BACs between sorghum chromosome 3 and

rice chromosome 1 is largely collinear at this level of

resolution with the exception of one major chromosomal
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Table 2 Alignment of syntenic BACs between sorghum chromosome 3 and rice chromosome 1

Sorghum
chr. 3 locationa

Genetic
marker

Sb
BAC

Rice BAC
accession no.b

BLASTN

expected valuec
Protein
accession no.d

BLASTX

expected valuee
Rice
locationf

0.0 Xtxa3395 154b9 AP002900-(1) 1 � 10�160 BAB32724 3 � 10�90 1–32.4–36.9
9.0–11.9 Xtxa2079 228d5 AP003052-(1) 5 � 10�43 BAB92155 2 � 10�46 1–28.9–29.7
16.7 Xtxa376 163a2 AP002836-(1) 2 � 10�72 BAB03418 1 � 10�29 1–25.4
28.6–31.6 Xtxa2598 122c5 AP003282-(3) 8 � 10�22 BAB64774 2 � 10�11 1–16.4

AP003339-(2) 6 � 10�67 AAM69848 6 � 10�29 1–16.4
AP002899-(1) 4 � 10�28 BAB21145 2 � 10�13 1–126.2
AP003768-(5) 0.0 BAB91928 1 � 10�103 1–127.3

31.6 Xtxa2614 230a10 AP003301-(1) 1 � 10�28 BAB39900 4 � 10�33 1–16.1
AP003339-(1) 2 � 10�20 BAB39913 9 � 10�13 1–16.1

33.3 Xtxa6004 212a2 AP002539-(2) 2 � 10�82 BAB08208 4 � 10�58 1–13.1
33.3–37.3 Xtxa2328 74a7 AP003209-(1) 2 � 10�17 BAB64789 4 � 10�13 1–13.1–16.1

AP004145-(1) 5 � 10�43 BAB86275 1 � 10�73 1–114.1–116.5

33.3–37.3 Xtxa2328 86a2 AP003209-(6) 2 � 10�39 BAB64789 6 � 10�59 1–13.1–16.1
AP001551-(1) 3 � 10�13 BAA92961 8 � 10�16 1–28.9
AL731613-(1) 2 � 10�33 NP_187305 6 � 10�9 4-n/a

37.3 Xtxa3003 167d8 AP003045-(1) 3 � 10�19 BAB03621 2 � 10�25 1–12.2
AP002540-(1) 7 � 10�17 BAB03621 2 � 10�61 1–12.2

37.3 Xtxa3003 213f6 AP003292-(1) 1 � 10�13 BAB84438 4 � 10�28 1–124.8
43.0–47.2 Xtxa6085 215g4 AP002860-(1) 7 � 10�33 BAB18289 2 � 10�26 1–8.7

43.0–47.2 Xtxp215 133h9 AP003214-(1) 5 � 10�15 BAB64612 5 � 10�36 1–10.9
AP003214-(1) 9 � 10�17 AAL14403 5 � 10�5 1–10.9
AP004632-(1) 9 � 10�8 NP_199704 9 � 10�11 8–114.4
AP005582-(1) 3 � 10�32 NP_564794 4 � 10�17 9–0.8

53.7–55.7 Xtxa2822 162e5 AP002487-(1) 1 � 10�34 BAB07943 3 � 10�16 1–7.0
58.5 Xtxa2260 205c5 AP002969-(3) 0.0 BAB62641 4 � 10�74 1–0.0
62.0 Xtxa3837 203a3 AP001278-(1) 8 � 10�14 BAA92196 2 � 10�20 1–43.2

AP003769-(1) 1 � 10�6 AAD38297 3 � 10�10 6–122.8
AC103550-(1) 2 � 10�36 NP_177372 1 � 10�35 3–135.1

65.5–68.7 Xtxa2746 92f9 AP003286-(2) 1 � 10�36 BAB89808 1 � 10�11 1–146.4
AL607101-(1) 1 � 10�176 NP_174466 1 � 10�102 3-n/a

76.5–79.9 Xtxa2646 84f8 AP003722-(1) 1 � 10�12 BAB92783 4 � 10�9 1–62.5–63.9
76.5–79.9 Xtxa3618 177f5 AP003202-(1) 4 � 10�34 BAB92229 2 � 10�21 1–73.4–73.7
76.5–79.9 Xtxa3688 184b5 AP003372-(1) 1 � 10�31 BAB89081 1 � 10�15 1–86.0
76.5–82.3 Xtxa3823 159b4 AP003209-(1) 2 � 10�17 BAB64789 4 � 10�13 1–13.1–16.1
84.7–88.6 Xtxa2768 73c9 AP003546-(1) 9 � 10�23 BAB32948 8 � 10�23 1–93.1
84.7–88.6 Xtxp205 99h2 AP003048-(8) 1 � 10�65 BAB55821 2 � 10�22 1–95.7
91.0–94.4 Xtxp31 240d9 AP002844-(1) 7 � 10�36 BAB21276 2 � 10�23 1–100.4
105.2 Xtxa4106 114e8 AP002839-(2) 1 � 10�24 BAB19086 2 � 10�30 1–103.7
108.6–111.3 Xtxa6219 158h7 AP003855-(2) 4 � 10�28 NP_197090 2 � 10�9 1–106.2–107.6
112.0 Xtxa2595 103h7 AP003855-(2) 5 � 10�49 BAB90468 1 � 10�46 1–106.2–107.6
118.8–125.6 Xtxp59 86c2 AP004364-(1) 3 � 10�16 BAB91748 1 � 10�26 1–113.3

AP003284-(2) 5 � 10�36 BAB91748 4 � 10�26 1–114.1

125.6–127.9 Xtxa3940 230g9 AP003760-(2) 1 � 10�18 BAB90507 3 � 10�26 1–114.1–116.5
125.6–127.9 Xtxa2233 204g12 AP003264-(1) 1 � 10�40 BAB93325 4 � 10�83 1–116.9
130.5–133.7 Xtxa4131 117d8 AP004363-(2) 7 � 10�64 BAA35120 2 � 10�17 1–118.9

AC091532-(1) 6 � 10�9 NP_196234 4 � 10�6 3–128.0
AC093956-(1) 2 � 10�30 CAC85920 2 � 10�35 5–111.6

133.7 Xtxa4019 68g5 AP003045-(1) 3 � 10�6 BAB03629 6 � 10�53 1–12.2
AP002540-(1) 3 � 10�24 BAB03605 3 � 10�14 1–12.2

133.7–135.1 Xtxa594 122h8 AP003373-(1) 1 � 10�131 BAC10738 8 � 10�96 1–122.1
136.0 Xtxa2984 209f3 AP003410-(2) 6 � 10�39 BAB39420 5 � 10�55 1–123.2

AL731881-(1) 8 � 10�27 AAM53297 2 � 10�8 12–100.9

136.0–140.4 Xtxa6120 131f7 AP003292-(1) 3 � 10�47 BAB84414 6 � 10�63 1–124.8
AP003229-(2) 4 � 10�31 NP_194683 5 � 10�9 1–124.8
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Table 2 continued

Sorghum
chr. 3 locationa

Genetic
marker

Sb
BAC

Rice BAC
accession no.b

BLASTN

expected valuec
Protein
accession no.d

BLASTX

expected valuee
Rice
locationf

AP003229-(2) 4 � 10�31 NP_194683 5 � 10�9 1–124.8140.4–142.9 Xtxa428 48c11

AP002972-(1) 2 � 10�54 BAB55510 9 � 10�35 1–126.5
AP003768-(9) 0.0 BAB91928 1 � 10�110 1–127.3
AP003376-(4) 7 � 10�39 BAC05580 3 � 10�15 1–127.3
AP005493-(1) 2 � 10�27 AAD27911 2 � 10�17 8–54.3

140.4–142.9 Xtxa428 44f4 AP003376-(1) 3 � 10�19 BAB91943 5 � 10�10 1–127.3
AP003768-(2) 2 � 10�39 BAB91930 4 � 10�19 1–127.3

140.4–142.9 Xtxa2999 252c9 AP003376-(1) 4 � 10�49 BAC05596 3 � 10�26 1–127.3
145.9–147.7 Xtxa443 237g2 AP003274-(2) 8 � 10�51 BAB61219 2 � 10�35 1–130.1–132.0
145.9–147.7 Xtxa3409 95a10 AP003368-(1) 5 � 10�6 BAB92557 1 � 10�28 1–136.1
149.5 Xtxa4063 75c11 AP003280-(1) 1 � 10�138 BAB89767 1 � 10�101 1–136.6

AP003345-(1) 2 � 10�32 BAB90113 1 � 10�72 1–136.6

149.5–150.7 Xtxa3789 172g12 AP003293-(1) 3 � 10�35 BAB86413 7 � 10�52 1–136.9
149.5–150.7 Xtxa6125 216g7 AP003232-(1) 1 � 10�33 BAB92273 8 � 10�15 1–136.9
149.5–150.7 Xtxa6125 165h12 AP003232-(2) 4 � 10�25 BAB92273 2 � 10�9 1–136.9

AP003073-(1) 3 � 10�35 BAB44078 2 � 10�10 1–137.2

156.6–158.6 Xtxa6040 49a9 AP003240-(1) 1 � 10�100 BAB86465 2 � 10�59 1–143.7
AP003241-(4) 5 � 10�52 BAB93227 1 � 10�45 1–143.7

156.6–158.6 Xtxa6040 92e1 AP003251-(1) 7 � 10�8 BAB89569 5 � 10�13 1–143.7
158.6–161.7 Xtxp38 114c4 AP003794-(1) 3 � 10�10 BAB63718 2 � 10�18 1–145.3
158.6–161.7 Xtxp38 7b9 AP003794-(3) 5 � 10�92 BAB90565 2 � 10�70 1–145.3
161.7 Xtxa 2027 233d11 AP003270-(1) 2 � 10�17 BAB89788 3 � 10�7 1–146.4

AP003344-(1) 3 � 10�22 BAC07356 2 � 10�45 1–134.7–135.8

169.2–173.4 Xtxp34 232a8 AP003407-(1) 4 � 10�25 BAB90185 6 � 10�39 1–151–154.6
AP003316-(2) 1 � 10�21 BAC06263 8 � 10�37 1–154.6

169.2–173.4 Xtxa2032 111e10 AP003316-(1) 1 � 10�21 BAC06263 1 � 10�6 1–154.6
AC074232-(1) 3 � 10�7 AAM18996 3 � 10�10 10–61.7

169.2–173.4 Xtxa6043 78c12 AP003791-(1) 3 � 10�11 NP_190330 2 � 10�11 1–157.1
169.2–173.4 Xtxa6043 120h5 AP003791-(1) 9 � 10�60 BAB90538 6 � 10�26 1–157.1

AP003380-(1) 8 � 10�76 BAB92564 2 � 10�63 1–157.6

169.2–173.4 Xtxa2667 112d8 AP003380-(6) 3 � 10�78 BAB92564 7 � 10�59 1–157.6
AP003545-(1) 7 � 10�36 AAL61542 1 � 10�11 6–65.8

173.4–175.1 Xtxa3719 181g10 AP003451-(1) 1 � 10�105 BAB86148 6 � 10�19 1–158.5
AP003437-(5) 1 � 10�43 BAB86107 2 � 10�40 1–159.0

175.1 Xtxa3891 250h7 AP003437-(2) 1 � 10�59 BAB86119 5 � 10�40 1–159.0
AP003707-(3) 2 � 10�39 BAB86175 2 � 10�21 1–159.6

177.5–180.7 Xtxa3987 231g1 AP004672-(1) 2 � 10�33 BAB90826 7 � 10�21 1–156.9–161.5
177.5–180.7 Xtxa3987 140g1 AP004672-(2) 1 � 10�33 BAB90826 4 � 10�21 1–156.9–161.5
181.5 Xtxa3904 165d4 AP004332-(3) 4 � 10�31 BAB89661 1 � 10�23 1–161.5
182.3 Xtxa4073 174d8 AP004330-(1) 3 � 10�38 BAB90754 1 � 10�15 1–161.8
182.3–187.7 Xtxp69 132f4 AP003246-(2) 2 � 10�30 BAB64184 1 � 10�28 1–163.5

196.5 isu-52 126a12 AP004326-(2) 7 � 10�82 BAB92874 3 � 10�18 1–170.4–176.3
AP003238-(1) 3 � 10�7 BAC07382 3 � 10�10 1–170.4–176.3

196.5 isu-52 137h12 AP003238-(2) 2 � 10�27 BAB89013 6 � 10�21 1–170.4–176.3
off-end Xtxa4138 211e12 AP003448-(4) 3 � 10�38 BAB85329 5 � 10�27 1–178.1

AP003277-(2) 7 � 10�24 BAB63671 8 � 10�8 1–181.8

aSorghum chromosome 3 position in centimorgans.
bNumber in parenthesis next to rice accession no. indicates the number of sorghum sequences with homology to that given BAC/PAC.
c
BLASTN to the nt or htg databases.

dWhen more than one sorghum sequence from a given BAC showed homology to the same rice BAC/PAC, only the gene with the highest
homology for those sequences is shown.
e
BLASTX to the nr database.

fRice chromosome number and position in centimorgans; n/a, genetic position not mapped.

� Blackwell Publishing Ltd, The Plant Journal, (2003), 34, 605–621
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Figure 1. Sequence-based alignment of sor-
ghum chromosome 3 and rice chromosome 1.

The sorghum genetic map used is that of Menz
et al. (2002), and the rice map is from the Rice
Genome Research Program (RGP) (http://

rgp.dna.affrc.go.jp/publicdata/genetic-
map2000/chr01.html). The centromeres are
denoted by black boxes in both maps. In the
sorghum map, framework markers are in bold
text and connected to the main bar adjacent to
their map position. Markers ‘placed’ in bins

between framework markers are in plain type
and are not connected to the main bar. The
sorghum BAC anchored to each loci and used
for sample sequence analysis is listed in brack-
ets next to its respective loci. Rice PACs/BACs
(GenBank accession nos.) from the chromo-
some 1 physical map (http://rgp.dna.affrc.-

go.jp/cgi-bin/statusdb/stattable.-
pl?chr ¼ 1&lab ¼ RGP) are listed in brackets
next to the rice genetic map. When the rice
BAC/PAC contained a rice genetic marker, the
locus is listed next to its map position along
the rice map. Collinear sorghum and rice BACs

are joined by horizontal lines. A break is shown
in the short arm of sorghum chromosome 3 to
depict the segmental inversion that occurred
after the separation of sorghum and rice.

� Blackwell Publishing Ltd, The Plant Journal, (2003), 34, 605–621
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rearrangement. An inversion of a portion of sorghum chro-

mosome 3 from positions 0–58.5 cM (markers Xtxa3395–

Xtxa2260, respectively) has occurred in sorghum relative to

rice (Figure 1). It is also evident that a large heterochromatic

region of low gene density is located around the centro-

meres of these two chromosomes (Sasaki et al., 2002;

N. Islam-Faridi, personal communication). In the approxi-

mately 20 cM block surrounding the centromere of sor-

ghum, only three gene sequence-based alignments

between sorghum chromosome 3 and rice chromosome

1 were detected out of a total of 145 independent align-

ments in this study. In addition, a greater number of gene

sequences were identified per sample sequence in BACs

mapping closer to the ends of the chromosome compared

to BACs nearer the centromere (Figure 1).

Using the rice genome sequence to accelerate physical

map construction in sorghum

The establishment of sequence-based alignments between

BACs mapped at intervals along sorghum chromosome 3

and the nearly complete sequence of rice chromosome 1

allowed the development of an efficient approach for filling

gaps in the sorghum physical map. Previous fingerprinting

of our BTx623-derived BAC libraries placed 48 of the 59

sorghum chromosome 3 BACs used for the sequence-

based alignment into 41 different DNA contigs with 11

clones remaining in a pool of singletons (Klein et al.,

2000). The high stringency that was initially used for contig

construction in FPC (10�14) required that BAC clones share

at least 60% overlap in their fingerprints before being

automatically placed within a contig (Klein et al., 2000).

Furthermore, contigs were not merged with other contigs

or singletons unless two independent analyses supported

the overlap between clones (i.e. DNA fingerprinting and

marker content mapping, Klein et al., 2000). Sequence

scans of BACs in this study provided an additional source

of information for contig merging. For example, sequences

obtained from the 59 BACs aligned to rice chromosome 1

provided evidence supporting at least 10 different merges

between contigs and/or singletons. Direct evidence for four

contig merges was obtained when sorghum BACs from two

different contigs and/or singletons shared sequence simi-

larity with the same rice gene located on the same rice

chromosome 1 BAC. For example, ctg612 (anchored to

marker Xtxp34) was manually merged with ctg3544

(anchored to marker Xtxa2032) after sequence scanning

of BACs 232a8 (ctg612) and 111e10 (ctg3544) revealed that

both BACs shared sequence similarity with a putative cal-

reticulin gene from rice chromosome 1 BAC AP003316

(Table 2). In the other six cases, indirect evidence support-

ing contig merges was obtained when two BACs from two

different contigs (or from the pool of singletons) shared

sequence similarity with the same BAC from rice chromo-

some 1. However, as the sequence shared by the rice BAC

and the two sorghum BACs did not overlap and was not

from a genic region, this data only provided tentative sup-

port for merging. Contigs, whose merges were supported

indirectly, were marked in our FPC database for follow-up

analysis.

The sequence-based alignment of BACs mapped on sor-

ghum chromosome 3 and the sequence of rice chromo-

some 1 allowed genes located in gaps present in the

sorghum physical map to be identified based on the pre-

dicted collinearity of most genes in the target intervals. The

identification of sorghum genes that are located in physical

map gaps provides the necessary information to identify

those BACs that encode these genes and hence reside in

these gaps. The approach taken was to identify rice gene

sequences predicted to lie within a gap in the physical map

of sorghum and search the sorghum EST database for

orthologous gene sequences. The resulting sorghum EST

sequences were used to design gene-specific PCR primers

that could be used to screen for sorghum BACs containing

these sequences. The BACs identified using this method

were fingerprinted, along with the previously mapped

BACs flanking the gap in the physical map, to determine

their order, degree of overlap, and potential for filling gaps

in the sorghum physical map.

This approach was tested on a targeted region of sor-

ghum chromosome 3 between positions approximately

169.2 and 180.7 cM. Initial sequence scanning of 12 sor-

ghum BACs mapped to nine genetic loci in this interval

allowed alignment of this region of sorghum chromosome

3 to rice chromosome 1 between positions approximately

151.0 and 161.5 cM. The minimum tiling path spanning this

region of rice chromosome 1 consists of 14 BACs with two

small gaps and spans approximately 1.6–1.7 Mbp (http://

rgp.dna.affrc.go.jp/cgi-bin/statusdb/stattable.-

pl?chr ¼ 1&lab ¼ RGP). The aligned region in sorghum

contained 32 BACs organized into six contigs and one

singleton. In the first step toward filling the six gaps in this

region of the sorghum map, the sequence of each of the 14

rice BACs was analyzed using BLAST analysis to the sor-

ghum EST database. The BLASTN and TBLASTX analyses

allowed us to identify sorghum ESTs homologous to genes

encoded by each rice BAC including genes that should

reside in gaps within the sorghum physical map. Sorghum

ESTs that appeared to be single or low copy from this

analysis were further screened against the non-redundant

database (BLASTN) to ensure that each sorghum EST

exhibited strong sequence similarity only with the appro-

priate BAC(s) on rice chromosome 1. Using this screening

approach, 29 low-copy sorghum ESTs with homologs on

rice chromosome 1 BACs (positions approximately 151.0–

161.5 cM) were selected and utilized for PCR-based STS

screening of six-dimensional BAC DNA pools derived

from the two sorghum genotypes, BTx623 and IS3620C.

� Blackwell Publishing Ltd, The Plant Journal, (2003), 34, 605–621
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Twenty-six of the 29 sorghum EST primer sets produced

strong PCR signals in the BAC DNA pools that could be

easily analyzed, while three primer sets either amplified a

band from every DNA pool (ESTs BG103709 and BE598683)

or failed to amplify a product even from sorghum genomic

DNA (EST AW746672) (Table 3). The 26 sorghum EST pri-

mer sets identified many of the sorghum BACs correspond-

ing to the six contigs previously aligned to this region of

rice chromosome 1 by sequence scanning (Table 3). How-

ever, an additional 31 sorghum BAC clones from the

BTx623 libraries as well as 74 clones from the newly con-

structed IS3620C library were also identified by this PCR-

based screening approach.

Ninety-five of the BTx623 and IS3620C BAC clones iden-

tified either by PCR-based screening or sequence scanning

were subjected to a modified version of high-information

content fingerprint (HICF) analysis (Ding et al., 2001; Luo

et al., 2003). Following automated contig assembly at an

initial cut-off value of 10�36, 84 of the 95 sorghum BAC

clones were in two large contigs. By incrementally raising

the cut-off to 5 � 10�31, an additional three singleton clones

were added to these two contigs and the two large contigs

were merged. The tiling path of the BAC clones spanning

sorghum chromosome 3 from approximately 169.2 to

180.7 cM is shown in Figure 2. The alignment between

the sorghum and rice physical maps, based on a portion

of the results obtained with sequence scanning and PCR

screening, is also shown. The contiguous sorghum contig

spans approximately 11 cM on sorghum chromosome 3

and encompasses nine markers on the genetic map.

Table 3 Sorghum ESTs with homologs in rice chromosome 1 BACs/PACs

Sorghum EST
accession no.

Rice BAC/PAC
accession no.a

Rice chr.1
location

Nucleotide
position in riceb

BLASTN

expected value
Collinear in
sorghum chr. 3c

Sorghum
BACd

BG103709 AP003349 154.6 16813–17199 (þ/þ) 1 � 10�53 n/a
BE600064 AP003349 154.6 55472–56057 (þ/þ) 1 � 10�135 Yes 111e10
BG488122 AP003349 154.6 80903–81370 (þ/–) 1 � 10�78 Yes 111e10
BG050777 AP003418 155.2 40682–40990 (þ/–) 6 � 10�57 Yes 77G16
BM324945 AP003418 155.2 65930–66454 (þ/–) 3 � 10�40 Yes 79 N7
BE598683 AP003418 155.2 98316–100106 (þ/þ) 4 � 10�27 n/a
BE358182 AP003418 155.2 141561–142677 (þ/–) 2 � 10�32 Yes 79 N7
AW746672 AP003313 157.1 86030–87678 (þ/–) 1 � 10�18 nd
BM325245 AP003791 157.1 37213–38806 (þ/–) 1 � 10�55 Yes 82G24
BG101800 AP003791 157.1 65825–66170 (þ/–) 1 � 10�64 Yes 155a6
BE598591 AP003791 157.1 91944–92509 (þ/–) 7 � 10�69 Yes 19d6
BG817523 AP003380 157.6 2982–4098 (þ/–) 8 � 10�50 Yes 120h5
BE358320 AP003380 157.6 31795–32165 (þ/þ) 2 � 10�75 Yes 84P1
AW283346 AP003416 157.6 12537–12880 (þ/–) 1 � 10�36 Yes 84P1
BG946972 AP003416 157.6 76205–76570 (þ/–) 1 � 10�30 Yes 84P1
BG356230 AP003436 157.6 30570–31084 (þ/–) 2 � 10�38 Yes 180g10
BG356592 AP003436 157.6 79599–80737 (þ/þ) 9 � 10�32 Yes 88O4
BM322880 AP003436 157.6 122228–123428 (þ/þ) 2 � 10�56 Yes 81G20
BM324063 AP003436 157.6 169609–170027 ( / ) 2 � 10�50 No 53g6
BG465378 AP003433 158.2 34615–34822 (þ/þ) 4 � 10�67 Yes 81G20
BE918371 AP003433 158.2 88409–90208 (þ/–) 6 � 10�39 Yes 133c1
BM322255 AP003433 158.2 136689–137065 ( /–) 3 � 10�37 No 151d9
AW745139 AP003451 158.5 91287–92335 (þ/–) 9 � 10�72 Yes 133c1
BF656904 AP003451 158.5 149370–146894 (þ/–) 4 � 10�40 Yes 181g10
BG159525 AP003437 159.0 83637–84457 (þ/–) 1 � 10�130 Yes 250h7
BM325684 AP003437 159.0 104319–105317 (þ/þ) 2 � 10�13 Yes 250h7
BE361743 AP003707 159.6 49661–50235 (þ/–) 2 � 10�47 Yes 96L18
BG464339 AP004672 159.6–161.5 30718–31785 (þ/þ) 8 � 10�29 Yes 88e11
BG649801 AP004672 159.6–161.5 128942–129529 (þ/–) 1 � 10�61 Yes 171e5

aAccession number of rice chromosome 1 BAC/PAC with sequence homology to the sorghum EST as determined by BLASTN analysis to
the non-redundant database.
bIndicates the start and end positions of the region within each rice BAC/PAC sharing homology to the sorghum EST and the nucleotide
strands sharing homology.
cDenotes whether the sorghum BACs positive for each EST from PCR screening were located on sorghum chromosome 3 and collinear
with the corresponding rice BAC/PAC from chromosome 1; nd ¼ not determined because EST primers failed to amplify sorghum genomic
DNA; n/a ¼ not available because EST primers amplified a band in all BAC DNA pools.
dOne of the individual sorghum BACs identified from screening the BAC DNA pools with primers for each EST. Sorghum BACs with a
lower case letter in the name (e.g. 111e10) are from the BTx623 libraries and BACs with an upper case letter in the name (e.g. 77G16) are
from the IS3620C library.
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Additionally, the sorghum contig spans the two small gaps

present in the rice minimum tiling path in this region,

indicating that these sorghum clones can be utilized in a

similar screening approach to identify the rice BACs needed

to bridge these gaps.

It should be noted that two sorghum ESTs with homo-

logy to rice chromosome 1 BACs identified BAC clones

that were not in the collinear location on sorghum chromo-

some 3 (BM324063 and BM322255, Table 3, denoted in

bold). As shown in Table 3, the gene corresponding to

EST BM324063 lies between the genes corresponding to

ESTs BM322880 and BG465378 in the rice tiling path. Pri-

mers for both ESTs BM322880 and BG465378 amplify a

product from sorghum BAC clone, 81G20, as well as from

three other BACs, indicating that these two genes reside on

a common sorghum BAC (Table 3). In contrast, primers for

EST BM324063 did not amplify a band from these four

sorghum BACs but did amplify a fragment from other BACs

(data not shown). A similar situation was observed with

EST BM322255 that lies between ESTs BE918371 and

AW745139 (Table 3). These results suggest that some

small-scale rearrangements have occurred in this region

of sorghum chromosome 3 relative to rice chromosome 1.

Placement of sorghum markers on the high-density

genetic map based on alignment of sorghum/rice

chromosomes

The construction of a contig spanning sorghum chromo-

some 3 from approximately 169.2 to 180.7 cM provided an

opportunity to resolve the order of seven genetic markers

that were binned in this interval based on genetic mapping

data (Menz et al., 2002). In a previous work, four markers

(Xtxp34, Xtxa6043, Xtxa2667, and Xtxa2032) were placed in

Figure 2. Display of the approximately 1.6 Mbp sorghum contig and alignment to the orthologous region of rice.
Fifty-four of the 87 sorghum clones placed in this contig are shown along with the nine genetic markers encompassing this region of the integrated genetic/

physical map of sorghum. Sorghum BACs with a lower case letter in the name (e.g. 111e10) are from the BTx623 libraries, and BACs with an upper case letter in
the name (e.g. 77G16) are from the IS3620C library. Framework markers from the high-density sorghum genetic map are shown in bold text, whereas markers
‘placed’ in bins between framework markers are shown in plain text. The 14 rice chromosome 1 BACs/PACs from the RGP minimum tiling path (http://
rgp.dna.affrc.go.jp/) are shown below the sorghum contig. Dashed lines between the sorghum BACs and the rice BACs/PACs denote orthologous regions
between the two based on sequence scan data or PCR-based screening with primers to sorghum ESTs. The sorghum ESTs that are orthologous to putative genes
in the rice BACs/PACs are indicated by their GenBank accession numbers.

� Blackwell Publishing Ltd, The Plant Journal, (2003), 34, 605–621
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the interval between framework markers Xtxa3448

(approximately 169.2 cM) and isu91 (approximately

173.4 cM, Menz et al., 2002). BACs containing each of the

four markers within this interval had been identified by

screening the BTx623-derived BAC DNA pools. Therefore,

once the order of BACs in the contig spanning this region

was established, the relative order of these markers was

clear (Figure 2). Similarly, the order of binned markers

Xtxa3719, Xtxa4157, and Xtxa3987 around framework mar-

kers Xtxa3891 (175.1 cM) and Xtxa2056 (180.7 cM) was also

established (Figure 2).

Additionally, the BAC sequence data allowed us to cor-

rectly order other groups of markers that had been placed

into bins within the framework map of sorghum chromo-

some 3 (Menz et al., 2002 and http://SorghumGenome.ta-

mu.edu). Examination of the sequence-based alignment of

sorghum BACs to the rice chromosome 1 map allowed us to

tentatively order 13 additional markers mapped to seven

different bins. These markers are located in bins between

positions 43.0–47.2, 76.5–79.9, 84.7–88.6, 125.6–127.9,

140.4–142.9, 145.9–147.7, and 147.9–150.7 cM on the sor-

ghum chromosome 3 genetic map (Table 2).

Discussion

By the end of 2002, the International Rice Genome Sequen-

cing Project (IRGSP) had completed sequencing the

430 Mbp rice genome to at least phase 2 level (high-quality

draft, Sasaki et al., 2002; http://rgp.dna.affrc.go.jp/). The

rice genome exhibits substantial collinearity with the gen-

omes of other grasses, such as sorghum, maize, wheat, and

barley (Ahn et al., 1993; Chen et al., 1997; van Deynze et al.,

1995; Gale and Devos, 1998; Tarchini et al., 2000). This

suggests that alignment of the rice genome sequence to

high-resolution integrated genetic and physical maps of

related species will accelerate the isolation and analysis of

genes of agronomic importance from these plants.

Many RFLP-based comparative mapping studies per-

formed between members of the Poaceae have shown that

the relative order of markers within extended portions of

rice and other grass genomes is conserved (reviewed in

Devos and Gale, 1997). More recently, BACs containing

orthologous genes from several grass species have been

identified and sequenced. Although these studies revealed

that most genes within the aligned regions of different

grass genomes analyzed were present in the same relative

order, small-scale rearrangements including gene inser-

tions, deletions, duplications, and inversions were

observed (for review, see Bennetzen, 2000; Dubcovsky

et al., 2001; Keller and Feuillet, 2000; Song et al., 2002).

These results suggest that utilization of the rice genome

sequence for gene discovery in other grasses will require

maps with higher resolution alignment than the current

RFLP-based comparative genetic maps, and that improved

strategies for gene discovery and isolation from larger,

more complex genomes are needed.

High-resolution mapping and identification of

orthologous sorghum/rice gene sequences

In the present study, we initiated work on high-resolution

alignment of our genetically anchored sorghum physical

map to the rice genome sequence. In the process, a stream-

lined approach for the construction and alignment of inte-

grated genetic and physical maps to reference genomes

was developed. An essentially complete sequence of rice

chromosome 1 has been obtained and annotated by

sequencing 390 BACs/PACs from the physical map of this

chromosome (Sasaki et al., 2002; http://rgp.dna.affrc.go.jp/

cgi-bin/statusdb/status.pl). Therefore, our initial efforts

focused on creating high-resolution sequence-based align-

ments between rice chromosome 1 and our genetic/physi-

cal map of sorghum chromosome 3. To this end, we

sequence-scanned 118 sorghum BACs mapped to 109 loci

on sorghum chromosome 3.

Efficient collection of sequence information from the

mapped BACs at low cost required a sequencing strategy

that provided sufficient information for alignment and one

that could be implemented as a high-throughput method

with limited technical difficulty. BAC DNA shearing fol-

lowed by shotgun sequencing is the preferred method

for obtaining complete BAC sequences and a random dis-

tribution of sequences across a given genomic region.

However, we found that sequencing a limited number of

subclones from restriction-digested BAC DNA was the

easiest, economical, and most informative way to obtain

sequence information for genome alignment. On average,

approximately 34% of the sequences obtained from each

BAC clone derived from the euchromatic portion of the

sorghum genome showed significant similarity with puta-

tive or known genes (Table 1). Therefore, a sequence scan

of 16–32 subclones from each sorghum BAC from these

regions of chromosome 3 provided a good probability of

including sequences from one or more genes useful for

alignment to the rice genome sequence. This result is

consistent with the analysis of several complete sorghum

BAC sequences derived from euchromatic regions of

the sorghum genome that encode approximately one

gene per 5–10 kbp (Morishige et al., 2002; Song et al.,

2002; Tikhonov et al., 1999).

The criteria for identifying putative orthologs for genome

alignment among sample sequences from sorghum BACs

and the rice genome sequence relied on a combination of

BLASTX and BLASTN analysis. It has been suggested that

nucleotide or amino acid sequence identity is inadequate

for identifying orthologs from highly divergent species

(Tatusov et al., 1997). However, in closely related taxa,

DNA and amino acid sequence comparisons have been
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highly successful in identifying orthologous genes (Kim

et al., 2001; Thomas et al., 2000). Even between Arabidop-

sis and rice, which diverged from a common ancestor

between 120 and 200 million years ago (Wolfe et al.,

1989), sequence-based comparisons at the nucleotide

and amino acid level have successfully identified small

regions of genome collinearity (Liu et al., 2001; Salse et al.,

2002). In the present study, BLASTX analysis was used to

identify sorghum BAC sequences having similarity with

putative or known protein-coding genes whereas BLASTN

analysis was used to identify sorghum BAC sequences

having sequence similarity with mapped rice BACs. Only

those sorghum BAC sequences that shared a similarity with

both protein-coding genes and the sequences of mapped

rice BACs were analyzed further and used for alignment.

Alignment of sorghum chromosome 3 and rice

chromosome 1

Sixty-three of the 118 BACs mapped to sorghum chromo-

some 3 shared significant sequence similarity with both

protein-coding genes and rice chromosome 1 BAC

sequences (Table 2). Unique sequences from 59 of these

63 sorghum BACs identified over 100 genes that are present

in rice BACs that map in the same relative order on rice

chromosome 1, providing substantial alignment between

the two chromosomes. After allowing for one major rear-

rangement, most of the sorghum–rice ortholog pairs were

found in the same relative order on sorghum chromosome

3 and rice chromosome 1 (Table 2 and Figure 1). An inver-

sion at the proximal end of sorghum chromosome 3 from

approximately 0 to 58.5 cM was observed relative to rice.

The location of the breakpoint in sorghum chromosome 3

could be narrowed to an approximately 3.5 cM region

between positions 58.5 and 62.0 cM; however, complete

sequencing of BACs from this region will be required to

delineate the exact position of the breakpoint. Chromoso-

mal rearrangements involving entire arms or segments of

arms are quite common among the grasses (Hulbert et al.,

1990; Moore et al., 1995; Paterson et al., 1996). In fact, the

inversion observed here involving a segment of the short

arm of sorghum chromosome 3 was previously reported by

Paterson et al. (1995) and Ventelon et al. (2001). While the

large inversion on the short arm of sorghum chromosome 3

was easily detected from our sequence scan, small-scale

rearrangements might not have been detected as the aver-

age spacing of mapped BACs subjected to sequence scan-

ning was approximately 2–5 cM.

A limited number of studies have compared the complete

sequences of aligned genomic regions from members of

the Poaceae in order to examine localized conservation of

gene content and order (for review, see Bennetzen, 2000).

These studies revealed that, in general, a large number of

the genes in the regions analyzed were collinear (Avramova

et al., 1996; Chen et al., 1997; Dubcovsky et al., 2001;

Feuillet et al., 2001; Tikhonov et al., 1999). However, excep-

tions to collinearity were documented as well (Bancroft,

2001; Dubcovsky et al., 2001; Song et al., 2002; Tarchini

et al., 2000; Tikhonov et al., 1999). In a recent study by

Song et al. (2002), a large orthologous region surrounding

the php20075 marker was characterized in maize, sorghum,

and rice. Numerous exceptions to gene collinearity within

these orthologous regions were observed, with the major-

ity of the changes resulting from gene amplification, gene

movement, and retrotransposition (Song et al., 2002).

These authors speculate that gene movement is associated

with gene amplification, a phenomenon that has been

documented by others as well (Song et al., 2001; Tarchini

et al., 2000; Tikhonov et al., 1999). The results of our low-

pass sequence scan of sorghum BACs provided evidence

for the movement of 15 sequences within sorghum chro-

mosome 3 as well as the movement of 12 sequences to or

from sorghum chromosome 3 relative to rice chromosome

1 (Tables 1 and 2). This evidence for intra- and interchro-

mosomal movement of genes is in agreement with the

studies of Song et al. (2002) and Tikhonov et al. (1999).

Our results suggest that, in many cases, a single gene

may have moved from one location to another within the

sorghum genome. However, we also observed movement

and/or duplication of larger chromosomal segments con-

taining several genes. For example, sorghum BAC 122c5

exhibited sequence similarity with three genes from the

collinear rice BACs AP003339 and AP003282 that are

located at 16.4 cM on the rice chromosome 1 genetic

map. In addition, sequences from this BAC shared similarity

with three genes from a non-collinear rice BAC, AP003768,

located at 127.3 cM on the rice chromosome 1 map as well

as sequence similarity with a gene on rice BAC, AP002899,

located at 126.2 cM on the rice map (Tables 1 and 2). These

results may indicate that several rearrangements have

occurred in this region of the sorghum genome relative

to rice.

Using the rice genome sequence to aid gap filling in the

sorghum physical map

If rice chromosome 1 and sorghum chromosome 3 have

similar coding capacity and gene density in their euchro-

matic regions, then gaps in the sorghum physical map will

often contain genes that can be identified based on the rice

genome sequence. This situation, combined with high-

resolution alignment of sorghum chromosome 3 and rice

chromosome 1, suggested that a targeted approach to

physical map gap filling could be developed. To test this

idea, information from the rice genome sequence was used

to help in filling six gaps in a targeted region of the sorghum

physical map (position approximately 169.2–180.7 cM),

resulting in the rapid construction of an approximately
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1.6 Mbp sorghum contig. Based on recombination dis-

tances from our high-resolution sorghum genetic map, this

sorghum BAC contig spans a distance of approximately

11 cM and encompasses nine genetic loci, which were

precisely ordered on the physical map (Menz et al.,

2002). Our approach was to align sorghum BACs located

in the approximately 11 cM region of sorghum chromo-

some 3 to the rice chromosome 1 physical map by

sequence scanning (Tables 1 and 2) and then to identify

rice genes and the corresponding orthologous sorghum

ESTs located in gaps of the sorghum physical map. PCR

primers to these sorghum EST sequences were then used

to screen BAC DNA pools from two different sorghum

libraries (Table 3). The BAC clones identified by sequence

scanning and this PCR-based screening approach were

subjected to a newly devised method of HICF analysis for

contig construction (Ding et al., 2001; Luo et al., 2003). In

this modified HICF method, BAC DNA is simultaneously

digested with four different 6-base (EcoRI, BamHI, XhoI,

and XbaI) and one 4-base (HaeIII) recognition restriction

enzymes. Each of the four 6-base recognition enzymes

produces a different 1-base 50 overhang that is subse-

quently filled in using one of the four fluorescent dideoxy

terminators in the SNaPshotTM labeling kit. Each product is

therefore characterized by both the restriction enzyme pro-

ducing the fragment and the size of the fragment. The HICF

method produces four times more information than stan-

dard single restriction enzyme fingerprinting, resulting in a

significant increase in the accuracy and efficiency of detect-

ing BAC clones with shared fragments (Ding et al., 2001). It

has been estimated that HICF requires less than 20% over-

lap to construct contigs and, as such, requires 10-fold fewer

clones to be fingerprinted than a system requiring 80%

overlap to achieve the same level of closure (Ding et al.,

2001).

The sequence-based, homology-driven approach used

in the present study was successful in rapidly identifying

sorghum BAC clones that spanned the targeted 11 cM

region of sorghum chromosome 3. HICF analysis of these

BAC clones placed them into one contiguous array of

overlapping clones (Figure 2). More than 91% of the

BAC clones that were identified (87/95) by this PCR-based

screening approach were ordered within the approxi-

mately 1.6 Mbp contig, indicating a false-positive rate

for BAC pool screening of less than 9%. Twenty-four genes

were identified within this region and appeared collinear

between sorghum and rice. In addition, two sorghum ESTs

that were identified by sequence similarity with rice chro-

mosome 1 BACs were not located in the collinear sorghum

chromosome 3 BACs, indicating that a small rearrange-

ment had occurred in this region since the divergence of

sorghum and rice (Table 3). At present, we do not know

the genetic location of these two sorghum genes because

the BACs encoding them have not been linked to our

genetic map (data not shown). Finally, the sorghum contig

spanned two small gaps present in the rice minimum tiling

path of BAC clones (Sasaki et al., 2002). The sorghum

clones spanning these gaps could be utilized in a similar

screening approach to identify the rice BACs needed to

bridge these gaps.

The strategy utilized here to construct an extended BAC

contig using the rice genomic sequence is similar to the

approach being utilized for the construction of a sequence-

ready physical map of the mouse genome (Kim et al., 2001;

Thomas et al., 2000). In those studies, the human genome

sequence was used as a reference to identify orthologous

mouse ESTs and a hybridization-based approach based on

overgo probes was used to identify the corresponding

orthologous mouse BACs (Kim et al., 2001; Thomas et al.,

2000). In our study, a PCR-based approach was used to

screen six-dimensional pools of BAC DNA to identify col-

linear sorghum BACs. This approach is efficient, cost-effec-

tive, requires minimal technical skill, and can easily be

implemented at high throughput. This screening approach

has been used in combination with AFLP technology to

successfully link more than 1100 sorghum genetic markers

to BAC clones (Klein et al., 2000; P.E. Klein, unpublished

data). Additionally, with the construction of the new BAC

library derived from IS3620C, the second parent of our RIL

mapping population, this methodology can be used to

generate another 1000 links to the high-density sorghum

genetic map (Menz et al., 2002 and http://SorghumGen-

ome.tamu.edu).

Gene density and the overall architecture of sorghum

chromosome 3

It has been hypothesized that, in rice, the majority of genes

are found in regions of relatively high gene density

accounting for approximately 12–24% of the genome sepa-

rated by large gene-poor regions (Barakat et al., 1997). The

results of sequence scanning sorghum BACs mapped at

intervals across chromosome 3 suggest that gene density is

higher in the distal regions of this chromosome compared

to the pericentromeric region centered at approximately

76.5–79.9 cM (Table 2 and Figure 1). These results are con-

sistent with those obtained by Gomez et al. (1997), Zwick

et al. (2000), and Islam-Faridi et al. (2002), suggesting that

gene density is highest in the distal euchromatic regions of

sorghum chromosomes. Similar results have also been

reported for wheat and barley (Gill et al., 1996a,b; Kuenzel

et al., 2000). The sorghum BACs that mapped to the peri-

centromeric region of chromosome 3 were largely devoid

of gene sequences but enriched in repetitive elements and

genes associated with transposable elements. Additionally,

this region exhibits suppressed genetic recombination with

approximately 83 loci mapping to an approximately 4 cM

region around the sorghum chromosome 3 centromere
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(Menz et al., 2002). It is likely that this region of sorghum

chromosome 3 encompasses a large segment of DNA, as

observed with other sorghum chromosomes (Islam-Faridi

et al., 2002). Similarly, in rice, it has been shown that the

centromeres are located in extended regions of heterochro-

matin that exhibit suppressed genetic recombination and

encompass large physical distances (Chen et al., 2002).

These results indicate that physical mapping and alignment

of the pericentromeric regions of sorghum chromosomes

will be difficult; however, if these regions are largely devoid

of genes, most of the initial gene discovery projects will

occur in euchromatic regions.

Conclusions

In summary, we have developed an efficient strategy for

alignment of the sorghum and rice genome maps. Our

results indicate that the overall architecture of sorghum

chromosome 3 and rice chromosome 1 has remained lar-

gely intact with the exception of one major rearrangement.

This is consistent with early comparative mapping studies

based on low-copy RFLP probes (Paterson et al., 1995; Peng

et al., 1999; Ventelon et al., 2001). However, there has also

been a significant amount of movement or reorganization

of single genes or groups of genes within sorghum chro-

mosome 3 and between sorghum chromosome 3 and other

parts of the sorghum genome relative to rice. This observa-

tion is consistent with analysis of the complete sequences

of collinear BACs from different grass genomes that show

localized gene movements, inversions, deletions, and other

changes (for review, see Bennetzen, 2000; Dubcovsky et al.,

2001; Keller and Feuillet, 2000; Song et al., 2002). This

situation allows the overall conservation of gene order

along sorghum chromosome 3 and rice chromosome 1

to be used for construction and alignment of collinear

maps, but also emphasizes the need for relatively deep

sequence analysis of sorghum if the value of comparative

genomics is to be fully realized. It is our intent that methods

developed in this study will yield important information

about the relationships between rice and sorghum genomic

segments, provide a well-characterized clone set for

sequencing the euchromatic portion of the sorghum gen-

ome, and ultimately enhance our understanding of cereal

genome structure and evolution.

Experimental procedures

Mapping genetic markers to BAC DNA

AFLP mapping. As detailed elsewhere (Klein et al., 2000), DNA
pools were constructed from two sorghum BAC libraries made
from the elite sorghum genotype, BTx623. AFLP template, EcoRI/
MseI and PstI/MseI, was prepared from the resulting 184 pools as

described (Klein et al., 2000; Menz et al., 2002). AFLP pre-
amplification (0/þ1 primers) and selective amplification (þ3/þ3
primers) reactions of BAC pools were performed as described
(Klein et al., 2000; Menz et al., 2002), using the 192 AFLP primer
combinations previously used for the development of the high-
density AFLP-based genetic map of sorghum (Menz et al., 2002).
Amplification products were analyzed as described (Klein et al.,
2000). Individual BAC clones harboring AFLP genetic markers were
identified from the BAC DNA pools using a Unix-based application
written in the Perl programming language (Klein et al., 2000).
When analyzing candidate BAC clones for the presence of a
marker, the selective amplification reaction was modified as
described (Klein et al., 2000).

SSR and RFLP mapping. BTx623 BAC DNA pools were
screened for sorghum SSRs or RFLPs previously mapped to
chromosome 3 as described (Klein et al., 2001). Individual
clones containing an SSR or RFLP were identified from the BAC
DNA pools using the Unix-based application as described above.

Sample sequencing of BAC DNA

One hundred and eighteen individual BAC clones from the BTx623
library were chosen for sample sequencing based on their linkage
to sorghum chromosome 3 genetic markers (AFLPs, SSRs, and/or
RFLPs). BAC DNA was prepared from a 5 ml culture (LB medium
containing 12.5 mg ml�1 chloramphenicol) by alkaline lysis purifi-
cation. Following isopropanol precipitation, BAC DNA was re-
suspended in 40 ml of sterile water and mixed with 10 ml of cocktail
containing 10 U of Plasmid-safe ATP-dependent DNase (Epicentre
Technologies, Madison, WI, USA), 1 ml of RNase cocktail (Ambion,
Austin, TX, USA), 1 mM ATP, and 5 ml of 10� Plasmid-safe buffer
supplied by the manufacturer. The reactions were incubated over-
night at 378C followed by DNase inactivation by incubation at 708C
(30 min). BAC DNA was digested with EcoRI and XhoI by adding
50 ml of enzyme cocktail containing 10 U of EcoRI (New England
Biolabs, Beverly, MA, USA), 10 U of XhoI (Invitrogen, Carlsbad,
CA, USA), 50 mM Tris–HCl (pH 8.0), 10 mM MgCl2, and 50 mM

NaCl. The reactions were incubated at 378C for 3–4 h and the
fragments purified using the Qiagen QIAquick PCR purification
kit according to the manufacturer’s protocol (Qiagen, Valencia, CA,
USA). Purified, digested BAC DNA (4 ml) was ligated into EcoRI/
XhoI-digested pBluescript SKþ (Stratagene, La Jolla, CA, USA) for
16 h at 168C. Ligation reactions were transformed into chemically
competent DH5-a subcloning efficiency cells and plated on LB agar
plates containing 100 mg ml�1 ampicillin.

For each BAC, 16–96 subclones were picked into deep-well
microtiter plates containing 1.4 ml of LB media containing
100 mg ml�1 ampicillin and grown overnight (378C, 325 r.p.m.).
Plasmid DNA was purified on a Biomek 2000 (Beckman Coulter,
Fullerton, CA, USA) using a Wizard MagneSil plasmid purification
kit according to the manufacturer’s protocol (Promega, Madison,
WI, USA). Sequencing was performed with either the reverse (50-
GGAAACAGCTATGACCATG-30) or T3 (50-AATTAACCCTCAC-
TAAAGGG-30) primers. Standard sequencing reactions included
2 ml of plasmid DNA, 10 pmol of primer, 0.66 ml of BigDye Termi-
nator mix v2.0 (Applied Biosystems, Foster City, CA, USA), 1.33 ml
of 5� reaction buffer (5� ¼ 400 mM Tris, pH 9.0, 10 mM MgCl2),
and 5 ml of distilled water. Sequencing reactions were carried out
using the following cycling parameters: an initial denaturation at
958C for 2 min, followed by 99 cycles of 958C for 10 sec, 508C for
5 sec, and 608C for 4 min. Extension products were purified by
isopropanol precipitation and separated on an ABI3700 DNA
sequencer. Sequence files were processed using PHREDPHRAP,
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and sequence homology searches were performed against the
non-redundant nucleotide and protein databases (BLASTN and
BLASTX, respectively) and the htgs database (BLASTN, Altschul
et al., 1997) using a local BLAST server. Following BLAST analysis,
the data was parsed to eliminate those sequences with limited
homology to the BAC subclones (E-value < 10�5) and the results
were imported into a MySQL database for further analysis.

Preparation of high-molecular-weight Sorghum bicolor

DNA and BAC library construction

A third sorghum BAC library was constructed for this study using
the converted sorghum line IS3620C. This converted line is one of
the parents of the recombinant inbred mapping population used to
construct the sorghum high-density genetic map (BTx623 �
IS3620C, Menz et al., 2002). Extraction of high-molecular-weight
genomic DNA from leaf nuclei was performed as described in
Zhang et al. (1995) and partially digested with HindIII followed by
three rounds of size selection after separation by pulsed field gel
electrophoresis (PFGE). Prior to ligation, the final size-selected
DNA (>150 kb) was released from agarose by electroelution for
2 h at 200 V with a 90 sec pulse at 118C. Eluted DNA was quantified
on a gel, and a molar ratio of approximately 3 : 1 vector:insert was
used for ligation. pBelobacII (Shizuya et al., 1992) that had been
HindIII-digested and dephosphorylated was used for library con-
struction. Transformations were performed by electroporation
using GeneHogs electrocompetent cells (Invitrogen, Carlsbad,
CA, USA). Approximately 44 000 clones were selected following
transformation and plating. The average insert size was estimated
at 170 kb following NotI digestion and gel electrophoresis.

Six-dimensional BAC pooling and mapping sorghum

ESTs to BAC DNA

A subset of 24 576 BAC clones from the IS3620C HindIII library was
pooled on six coordinate axes and BAC DNA isolated from the
resulting 184 pools as described (Klein et al., 2000).

Primers to sorghum ESTs were designed using the OLIGO 6.0
software program (Molecular Biology Insights Inc., Cascade, CA,
USA) and were obtained from Sigma–Genosys (The Woodlands,
TX, USA). PCR-based screening of BTx623 and IS3620C BAC DNA
pools was performed in 10 ml reactions containing 1� Perkin-Elmer
buffer II (Applied Biosystems, Foster City, CA, USA), 2.5 mM

MgCl2, 200 mM dNTPs, 0.4 U of AmpliTaq polymerase, 20 pmol
of each primer, and 5 ng of pooled BAC DNA or genomic DNA
(BTx623 and IS3620C). Amplification conditions were as pre-
viously described (Klein et al., 1998). Amplification products were
electrophoresed in 2% agarose gels and the products visualized
following staining with SYBR Gold (Molecular Probes Inc., Eugene,
OR, USA). BAC DNA pools containing signals for a given sorghum
EST were recorded, and the individual BACs containing the EST
were identified using the Unix Perl script as described above.

DNA fingerprinting of BAC clones

BAC clones were fingerprinted using a modified version of five-
color-based high-information content fingerprinting (Luo et al.,
2003). BAC DNA was isolated in deep-well plate format as pre-
viously described, except for the addition of RNaseA (100 mg ml�1)
to the initial re-suspension buffer (Klein et al., 1998). Following
purification, BAC DNA pellets were re-suspended in 45 ml sterile
water and quantified by fluorimetry, and the DNA concentration
was adjusted to 50–75 ng ml�1 with sterile water. BAC DNA was
restricted by mixing 42 ml of purified DNA with 9 ml of enzyme

cocktail consisting of 5 ml of 10� NEBuffer 2 (New England Biolabs,
Beverly, MA, USA), 0.5 ml of BSA (100 mg ml�1), 1 ml of RNaseA
(0.5 mg ml�1), 1 ml of 1% a-mercaptoethanol, 5 U of BamHI, 5 U of
EcoRI, 5 U of XbaI, 5 U of XhoI, and 5 U of HaeIII. The reactions
were incubated for 3 h at 378C. Following restriction enzyme
digestion, 10 ml of labeling cocktail containing 2 ml of 10� NEBuffer
2, 2.5 ml of Tris, pH 9.0, 1 ml SNaPshotTM Multiplex Ready Reaction
Mix (Applied Biosystems), and 4.5 ml of sterile water was added to
each sample, and the reactions were incubated at 658C for 1 h.
Reactions were precipitated by the addition of 5.0 ml of 2.5 M

sodium acetate and 100 ml of chilled 95% ethanol (� 808C,
15 min). Labeled fragments were collected by centrifugation at
1920 g for 30 min, washed once with 70% ethanol, and air-dried.
Pellets were re-suspended in 9.75 ml of Hi-Di formamide containing
0.25 ml of GeneScanTM-500 Liz size standard (Applied Biosystems).
Labeled fragments were separated on an ABI3700 sequencer using
the SNP2_POP5 module with modifications. Electrophoresis was
performed at 6000 V at a run temperature of 508C for 90 min.
Collected data was analyzed with GeneScanTM version 3.7 Frag-
ment Analysis Software (Applied Biosystems). The minimum peak
detection threshold was individually set for each lane and for each
fluorescent dye. Data was manually edited using GenotyperTM

version 3.7 Fragment Analysis Software (Applied Biosystems),
and a table consisting of a list of fragment sizes and dye colors
for each BAC clone was exported in a tabular format. Conversion of
the GenotyperTM output table into a band file for input into FPC was
accomplished using a script written in the Perl programming
language. Automated contig assembly was performed using
FPC V4.9 (Soderlund et al., 1997) at a fixed tolerance of one and
an initial cut-off value of 10�36. The cut-off was subsequently raised
to 5 � 10�31 for the addition of singletons to existing contigs and
the merging of contigs.
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